The initiation of globin synthesis in intact reticulocytes and in reticulocyte lysates is maintained by the addition of hemin. The specificity of this effect, has been studied to determine whether it is restricted to hemoglobin and erythroid cells. In intact reticulocytes, hemin (500 pM) enhances the synthesis of carbonic anhydrase as well as of hemoglobin. Similar enhancement of protein synthesis is observed on addition of hemin (500 pM) to intact Krebs II ascites tumor cells, in cell-free extracts of these cells, added hemin (50 ;&M) increases endogenous protein synthesis and the translation of exogenous rabbit globin messenger RNA. These results provide evidence that the effect of hemin is not restricted to globin, and they suggest that hemin may enhance protein synthesis in at least some nonerythroid cells.
The synthesis of globin in immature erythroid cells is promoted by the addition of iron (1) (2) (3) (4) or of hemin (5) . This effect of added hemin or iron is associated with improved maintenance of the number, size, and activity of polyribosomes (6, 7) . When desferrioxamine, a specific chelating agent of iron, is added to the incubation medium, the effect of added iron is abolished, but the effect of added hemin is not impaired (6) . These findings and additional studies in reticulocyte lysates have focussed attention on the role of hemin in the initiation of globin synthesis (8) (9) (10) (11) (12) (13) (14) . In addition, however, to the question of the mechanism of action of hemin in initiating globin synthesis, there is the closely related question of the specificity of the effect of hemin, i.e., does hemin affect the initiation of other proteins, not only in erythroid cells but in other cells in which hemoglobin synthesis does not occur?
In this paper, we report the effect of added hemin on (1) the synthesis of a nonheme protein, carbonic anhydrase, as well as of globin in rabbit reticulocytes; (2) the synthesis of protein in intact Krebs II ascites tumor cells; and (3) the translation of endogenous mRNA and of exogenous rabbit globin mRNA in ah extract of Krebs II ascites tumor cells. The results provide evidence of a role for hemin in the initiation of protein synthesis that is not restricted to globin and may obtain in at least some nonerythroid cells.
MATERIALS AND METHODS Preparation of reticulocytes
New Zealand rabbits, 3 months old and 3 kg in weight, were bled by cardiac puncture, 25-35 ml/day for 5 days. On the * This work was presented in part at the meeting of the American Society of Hematology, December 6, 1972 [Blood (1972 fifth day, 0.5 ml of Imferon (an iron dextran preparation) was injected intramuscularly; 2 days later, when the reticulocyte count was elevated to 20% or more, the reticulocyte-rich blood was collected. The blood was heparinized (2 mg/10 ml of blood) and centrifuged at 2000 X g for 10 min. The plasma and buffy coat were removed, and the erythrocytes were washed 3 times by suspension in a saline solution (0.13 M NaCl-5.2 mM KCl-7.5 mM MgCl2) and centrifugation at 2000 X g.
Incubation and preparation of labeled proteins
Reticulocytes were suspended in an equal volume of the medium described by Tavill et al. (15) . [U-'4C]alanine (160 Ci/mol) was used as the isotopic tracer. Hemin, freshly prepared in 50 mM Trism HCl buffer (pH 9.9) was added to one flask in a final concentration of 500 ,uM, and Tris * HCl buffer alone was added to the other flask. The mixture was incubated at 370 for 4 hr in 95% air-5%0 CO2. We followed protein synthesis by removing 5-,ul aliquots at intervals, placing each in 1 ml of cold distilled water, then incubating each with 1 ml of NaOH (1.0 M) at 370 for 10 min. The protein was then precipitated by 3.5 ml of 10% trichloroacetic acid and filtered on a fiber-glass filter. The filter was washed 5 times with 5% trichloroacetic acid, dried on a planchet, and counted in a Nuclear Chicago Gas Flow Counter.
After 4 hr of incubation, the flasks were chilled in an ice bath. Then the cells were washed 5 times at 40 with the saline medium to which nonradioactive alanine (5 g/100 ml) was added. The cells (2 ml expressed as specific activity, cpm/mg of protein, was determined on aliquots of these fractions, which were incubated with NaOH, precipitated by trichloroacetic acid, and filtered, washed, and dried as described above. The results of two experiments are presented in Table 1 .
The concentrated carbonic anhydrase fraction was submitted to two procedures to identify the carbonic anhydrase and to establish the absence of hemoglobin, hemoglobin subunits, or globin: (1) carboxymethylcellulose (CMC-52) chromatography in urea, and (2) acrylamide gel electrophoresis.
Carboxymethylcellulose Chromatography. Samples to be tested were dialyzed for 4 hr in the dark at room temperature (25°) with four changes of a buffer consisting of freshly prepared 8 M urea-50 mM 2-mercaptoethanol-5 mM sodium phosphate (pH 6.75). After a sample was loaded onto a 1 X 6 cm column of carboxymethylcellulose equilibrated in the above buffer, the column was washed for 2 hr at a flow rate of 25 ml/hr with the same buffer. A linear gradient of sodium phosphate, from 5-30 mM was then used according to the procedure of Clegg et al. (16) . The absorbance at 280 nm of the eluate was continuously recorded. Fig. 1 shows three different samples subjected to this type of chromatography: native nonisotopic globin purified by DEAE-Sephadex; carbonic anhydrase purified by DEAE-Sephadex; and "4C-labeled carbonic anhydrase fraction derived from the incubation with added hemin and purified as described above; this last fraction also contains nonisotopic carbonic anhydrase carrier. 5-10 mg of unlabeled native rabbit globin was added before carboxymethylcellulose chromatography. The radioactivity of the eluted fractions was determined, and the specific radioactivity is plotted.
Acrylamide Gel Electrophoresis. The concentrated carbonic anhydrase labeled by in vitro synthesis was also subjected to gel electrophoresis (7% acrylamide) in a 30 mM Tris-glycine buffer (pH 9.5). 10-cm Gels were run in duplicate, and each was cut longitudinally. One set was stained for esterase activity with and without 0.1 mM acetazolamide added to show carbonic anhydrase bands, according to the procedure of Tashian (17) . One half of the other gel was stained with amido black, and the other half was sliced transversely at 2-mm intervals. The radioactivity in each slice was determined in a Packard Tricarb liquid scintillation counter after incubation at 370 for 14 hr in a 3.5% solution of NCS in a Liquiflortoluene scintillant (New England Nuclear Corp.). In three experiments, nonradioactive hemoglobin was added to the radioactively labeled carbonic anhydrase; after electrophoresis, no radioactivity was observed in the hemoglobin band (Fig. 2) used for hemin solution, and 1 ul of water. Each sample was studied in duplicate. The tubes were incubated for 50 min at 370 in air. Then they were chilled in ice water, after which they were centrifuged for 5 min at 3000 X g. 10 Ml of each sample were added to a paper disc filter (Whatman 3 MM, 2.3-cm diameter), and the filters were immersed in a beaker in cold 5% trichloroacetic acid. The beaker was heated in a water bath at 950 for 10 min. Then the filters were washed 5 times with 5% trichloroacetic acid, once with a mixture of ethanolether 1:1, and once with ether. The filters were counted in a Liquiflor-toluene scintillant. The results are presented in Fig.  4 .
Translation of Rabbit Reticulocyte 10S mRNA. These studies were performed with a preincubated S30 extract of ascites tumor cells. 10S rabbit reticulocyte mRNA was prepared according to Temple et al. (19) . Each sample of incubation mixture had a total volume of 12 Ml, consisting of 10 Ml of ascites S30 extract in HEPES buffer, 1 ul of hemin solution or Tris HCl buffer used for hemin solution, and 1 Ml of a solution of 10S mRNA of rabbit reticulocytes (10 A260 units/ml). The incubations and subsequent measurements of radioactivity were performed as described above. The results are presented in Table 2 .
RESULTS AND DISCUSSION
The effect of added hemin on enhancing the synthesis of protein in intact reticulocytes is not limited to globin (Table 1 ). In the presence of added hemin there is enhancement in the synthesis of carbonic anhydrase that is similar to that observed in the synthesis of globin. The low levels of radioactivity observed in the carbonic anhydrase fractions are consistent with the addition of relatively large amounts of nonisotopic carbonic anhydrase carrier.
Since contamination of carbonic anhydrase by small amounts of radioactive hemoglobin or globin could yield 0 spurious evidence of synthesis of carbonic anhydrase, it was important to determine whether the carbonic anhydrase was free of such contamination. Fig. 1 presents evidence that carbonic anhydrase can be readily separated by carboxymethylcellulose chromatography from a chains and jB chains of globin, and that the radioactivity present in the carbonic anhydrase fraction after DEAE-Sephadex chromatography remains almost wholly with carbonic anhydrase on carboxycellulose chromatography; none of the radioactivity is observed in the chains of globin. This latter point is important, since free a or P chains that may form pools of intermediates in the synthesis of hemoglobin may be highly labeled (15, 20) . Fig. 2 presents evidence that carbonic anhydrase is not contaminated by the hemoglobin tetramer; nearly all of the radioactivity is associated with a single protein band that has a mobility different from that of hemoglobin and that has esterase activity that is inhibited by acetazolamide. This last property identifies this band as carbonic anhydrase.
In three different systems, DEAE-Sephadex, carboxymethylcellulose chromatography, and acrylamide gel electrophoresis, the radioactivity remains associated with the carbonic anhydrase, and the carbonic anhydrase is readily separated from hemoglobin or its subunits. The identification of the protein as carbonic anhydrase supports the conclusion that the synthesis of a nonheme protein is enhanced by the addition of hemin to intact reticulocytes.
The studies with intact Krebs II ascites tumor cells indicate that the effect of hemin on protein synthesis is not restricted to erythroid cells. Fig. 4 shows that protein synthesis in intact Krebs II ascites tumor cells is a function of the concentration of hemin. At the concentrations of hemin added, the initial rate of synthesis does not change. After minutes, however, the effect of various concentrations of added hemin is reflected in various degrees of maintenance of protein synthesis. Fig. 5 illustrates similar findings in an extract of ascites tumor cells. The optimal concentration of added hemin is 500 yM for the intact cells (Fig. 4) and 50 gM for the extract. At higher concentrations than optimal, hemin may inhibit protein synthesis. These findings for intact Krebs ascites tumor The translation of exogenous rabbit globin mRNA in extracts of ascites tumor cells is also enhanced by the addition of hemin (Table 2) . When hemin is added at a concentration of 50 uM, a 60% increase in the translation of exogenous mRNA occurs. At lower concentrations of added hemin, smaller increments in protein synthesis are observed. Matthews et al. have also found that on addition of hemin to extracts of ascites tumor cells to which mouse globin mRNA or encephalomyocarditis virus mRNA has been added, protein synthesis is increased (21) .
The evidence from our studies and from studies carried out independently by T. Hunt (personal communication) and by H. Lodish and 0. Desalut in reticulocytes indicates an effect of hemin on initiation of protein synthesis, which is not restricted to globin. The findings of enhanced amino-acid incorporation in the ascites tumor cells suggest that this effect may not be limited to erythroid cells; further studies are required to determine whether the effect of hemin in these cells is on the initiation of protein synthesis.
